A dynamic model for a hybrid Photovoltaic Thermal Collector-Solar Air Heater (PVT-SAH) with longitudinal fins was developed to enable assessment of the potential of the system to provide high temperature outlet air (60-90 °C) under dynamic boundary conditions. The model description includes the method for discretising the system into a number of control volumes, the energy balance equations for each control volume and the implementation of the numerical solution. Model validation has been successfully undertaken by using empirical verification of model predictions with an experimental facility and by comparing the model outputs with the reference data from the literature. The dynamic PVT-SAH model was then used under variable boundary conditions and its performance was compared with an equivalent steady state model. Significant Time Constants (TC) were observed and it was found that the steady state model could overestimate the thermal energy gains of PVT-SAH by 35% when compared with the predictions of the dynamic model. Additional simulations were run under fixed boundary conditions to shown the effect of fins on the performance of the PVT-SAH system. Finally, to demonstrate the benefits of using such a dynamic PVT-SAH model, a case study was used and the effect of length ratio of PVT to SAH was investigated by using a range of performance criteria. Additional simulations were run under fixed boundary conditions to shown the effect of fins on the performance of the PVT-SAH system. Finally, to demonstrate the benefits of using such a dynamic PVT-SAH model, a case study was used and the effect of length ratio of PVT to SAH was investigated by using a range of performance criteria.
Introduction
Air based photovoltaic thermal (PVT) collectors utilise solar energy to generate both electricity and low grade thermal energy. The thermal energy collected from PVT collectors can be directly used for space heating or potentially used to drive desiccant wheels for space cooling of both residential and commercial buildings. However, a relatively high temperature energy source o C) is often required in desiccant wheels for desiccant regeneration [1] . To achieve the target regeneration temperature, PVT systems can be connected in series. However, the local temperature of the PV absorber will increase with increasing PVT length. The excessive high temperature will bring challenges to the operation of PV panels, resulting in a decreased electrical efficiency, irreversible damages of the PV cells, and reduced lifespan of the PVT system. An alternative approach to achieving high outlet air temperature is to connect PVT systems with solar air heaters (SAH) in series. As the addition of fins has been considered as one of effective approaches to enhancing the thermal and electrical performance of PVT and SAH [2] [3] [4] [5] [6] [7] [8] [9] , the performance of the hybrid PVT-SAH system can be further enhanced by attaching longitude fins in the air channels to improve heat transfer between the absorber and the air flowing through the channels. A single layer of glass with a stagnant air layer between the glass cover and the PV absorber plate can also be used to increase the thermal resistance, and thereby further increase the temperature of the outlet air. A novel design of hybrid PVT-SAH system with fins is presented in Figure 1 . The PVT and SAH have the same width, and the SAH is connected to the outlet of PVT in order to further increase the air temperature. The longitude fins are attached between the absorber plate and bottom plate of both PVT and SAH and divide the air channel into a number of small passages.
Numerical modelling and simulations have been widely used to evaluate the performance and optimise the design of PVT and SAH systems. Tchinca [10] provided a comprehensive review of mathematical models for different types of SAH systems. A high number of numerical simulations have also been conducted to investigate the thermal and electrical performance of PVT collectors [11] [12] [13] [14] [15] [16] [17] [18] .
However, most mathematical models developed in the previous studies were steady state models where the heat storage capacity of PVT and SAH is not considered. The output parameters of steady state models at each time step are only a function of design parameters and boundary conditions of the same time step, and do not account for the thermal inertia from the previous time steps. However, the weather conditions are subject to quick and frequent fluctuations within a short period, and the effect of the time constant of the PVT or SAH systems could be significant. In such cases, steady state models might lead to an over-or under-prediction of the thermal output.
Schnieders [19] reported that compared with a dynamic model for SAHs, a steady state model could lead to up to 15% of overestimation of daily yield of thermal energy when one-minute input data was used. Applications where dynamic modelling is essential for PVT or SAH include: the investigation of operational control strategies, This study presents the development of a dynamic model for a high-temperature PVT/SAH system with fins for potentially driving desiccant cooling systems. The dynamic model was developed using the finite volume method (FVM) via the unconditionally stable Crank Nicolson scheme. The performance of the model is validated using the data collected from a PVT test facility and the reference data reported in previous studies. This paper is structured as follows. In section 2, a brief overview of existing mathematical models for PVT and SAH is presented. Section 3 presents the development process of the dynamic model for the proposed hybrid PVT-SAH system with fins and the detailed solution procedures. Section 4 describes the steps undertaken to validate the dynamic model and the resulted validation outputs. In section 5, the dynamic responses of the hybrid system to the changes of working conditions are analysed and the model outputs versus the outputs from an equivalent steady state model are compared. Section 6 investigates the effect of fin number and fin height on the electrical and thermal performance of the system. In section 7, a case study is used to examine the effect of PV covering factor on the thermal and electricity outputs of the whole PVT-SAH system and some conclusions were drawn at the end of the paper.
Overview of mathematical models for PVT and SAH
Many efforts have been made on the development of appropriate mathematical models for PVT and SAH. In this section, the existing models were briefly reviewed by categorising them as steady state models, dynamic models and models that are based on CFD solvers.
Existing steady state models
A simple steady state model is sourced from Hottel-Whillier [20] where the thermal efficiency of solar air heaters was defined as a function of a heat removal factor, overall heat loss coefficient and inlet air temperature. Florschietz [21] made minor modifications to Hottel-Whillier model [20] so that it can be applicable to PVT.
However, the analytical expressions for the heat removal factor and overall heat loss coefficient were only presented for sheet-tube type SAH and PVT systems. In engineering practice, a semi-empirical model in the same form of Hottel-Whillier equation [20] was applied to other types of SAH and PVT but the heat removal factor and the heat transfer coefficients were determined as constants through experiments following the procedures described in ASHRAE Standard [22] and the European EN 12975 Standard [23] . This implies that simulations using the semi-empirical model have to set their working conditions as similar as possible to the conditions under which the PVT and SAH are tested. Moreover, this semi-empirical model is not suitable for design optimisation due to a limited number of outputs. The application of this semi-empirical model can be found in TRNSYS [24] to simulate the performance of flat plate SAH ( Type 1) and evacuated tube SAH ( Type 71). In the past years, a significant number of steady state models with more flexibility and accuracy have been developed for different types of SAH and PVT, including models for unglazed/glazed [25] [26] [27] [28] , with fins [2-4, 29, 30] , single/double pass [31] [32] [33] [34] and with/without energy storage systems [35] [36] [37] [38] . These steady state models described the phenomena occurring in PVT and SAH based on conservation of quantities (energy and mass). Analytical solutions and Gaussian elimination are the main methods used to obtain the various temperatures and derive the performance efficiency.
Existing dynamic models
Dynamic modelling is considered to be suitable for performance prediction of SAH and PVT under dynamic working conditions. The energy balance equations in dynamic models are generally represented with a set of partial differential equations.
The solution of dynamic models requires the transformation of the partial difference equations into explicit, implicit or combined implicit/explicit forms. Despite a higher computational cost required and more complex implementation, dynamic models are suitable for design and control optimisations. There have been a number of dynamic models for PVT and SAH reported in literature [19, [39] [40] [41] [42] [43] [44] . However, most of these models have not been developed in a way that allows for the modelling of fins in the air channels of PVT or SAH systems. In addition, the majority of the existing dynamic models [42, 43] deployed explicit finite difference techniques to solve the energy balance equations, and a small time step has to be used to avoid simulation instability. The solution procedures are inherently part of a dynamic model, however, the publications for the above mentioned dynamic models rarely provided detailed solution procedures.
CFD-based models
CFD software has also been used in previous studies to investigate the heat transfer and flow patterns in SAH [45] [46] [47] [48] [49] and PVT [50] [51] [52] . The results from CFD models provided extensive information on the velocity, pressure and temperature for any of the control volumes in the fluid domain of SAH or PVT systems. Using a CFD model for PVT and SAH has two major advantages: (1) an extensive number of outputs are available with regards to the heat transfer and flow dynamics in the flow channels; (2) complex air channel geometries (e.g. irregular shape of fins, surface roughness on the air channel) could be analysed. However, using CFD models could require significant computational resources for short-period simulations and they are not therefore suitable for real time control of a PVT-SAH system that is connected with other systems. Moreover, the selection of an appropriate turbulence model and meshing method is a key challenge, which could have a significant effect on the accuracy of the simulation results.
Dynamic model development
The above review revealed that dynamic models are the preferred option for performance assessment and design/control optimisation of PVT and SAH systems.
Key assumptions used in model development
The following assumptions are used in the model development.
 Heat transfer in a control volume occurs in one dimension perpendicular to the air flow direction of the PVT-SAH system with the exception of the flowing air where the heat transfer is happening both perpendicularly and parallel to the flow direction.
 The air is evenly distributed to each air channel and the air velocity in each air channel is identical.
 For each time step, the temperature of the flowing air, PV plate, absorber plate, fins, glass cover, and bottom plate is uniform over the width of the system but varies along the control volumes in the air flow direction.
 The heat conduction through the fins has a vertical direction from the absorber plate to the bottom plate.
 There is no air leakage in the air channels and a good thermal contact between the PV plate and absorber plate is assumed.
 The heat loss through the PVT and SAH frame sides is negligible.
Finite volume heat balance approach
The hybrid PVT-SAH is first discretised into a finite number of control volumes along its length as shown in Figure 2 . The boundary conditions for each discretised control volume are the same except for the inlet air temperature. The outlet air temperature of a control volume is assigned as the inlet air temperature of the next neighbouring control volume. The PVT is further discretised vertically into a finite number of nodes representing the glass cover (node 'g'), the PV plate (node 'pv'), the absorber plate (node 'p'), the fins (node 'fin'), the air stream (node 'f') and the bottom plate (node 'b'). As shown in Figure 3 and mass flow balances [53] . In addition, the FVM could be expanded to cover complex 2D or 3D problems and geometries [54] .
Energy balances for PVT and SAH
As shown in Figure 2 , the PVT-SAH system is divided into a finite number of equally sized control volumes along the air flow direction. A generic energy balance for each control volume can be described by Eq. (1).
Energy balance equations for PVT

Top glass (node ' ')
The energy balance equation for the top glazing layer (node 'g') can be represented by the following partial differential expression. The left hand side term represents the heat storage rate of the glazing layer, while the terms on the right hand side include the fraction of incident solar radiation absorbed by the glass, the natural convection heat exchange and the long wave radiation heat exchange between the PV plate and the glass, the convection loss/gain to ambient air, and the long wave radiation heat exchange between the glass and the sky.
The differential term on the left hand side of Eq. (2) is replaced by a forward difference expression in terms of time. The explicit form of the energy balance for a time step t can then be written as in Eq. (3), in which the time-dependent terms on the right hand side (i.e. heat transfer coefficients, nodal temperatures and solar radiation intensity) are evaluated at the present time step t. A discussion on the relationships used for determining the convective and radiative heat transfer coefficients are given in Table 7 in Appendix A. A fully implicit expression of the same energy balance equation as Eq. (2) can be easily obtained by using the values of the future time step (t+∆t) on the right hand side.
When multiplying the explicit expression by a factor of γ (0≤ γ≤1), the implicit form by a factor of (1− γ), and adding them together, the following flexible expression can be derived.
[
The combined equation provides a solution that can overcome the disadvantage of the explicit equation with regard to being restricted on the size of time step and space step for solution convergence, but also improves the accuracy level of the fully implicit equation. The parameter γ determines the weighting percentage of the explicit part in the resulting energy balance equation. In this study, the same weight was used for both implicit and explicit relations (γ = 0.5) as default, which is also known as the numerically stable Crank-Nicolson scheme.
The transformation and rearrangement of the governing equations for the other PVT components follow the same process as for the glass cover.
PV plate (node ' ')
The energy balance equation for the PV plate (node 'PV') can be represented by Eq.
.
The left hand side term of Eq. (5) includes the accumulated energy stored in the PV plate while the right hand side terms represent the solar radiation absorbed by the PV layer minus the fraction of this absorbed radiation that is converted into electricity, the heat loss from the top of the collector (which include convection and radiation heat exchange) and the heat conduction between the PV lamination and the absorber plates.
The term of IAM is the incidence angle modifier which is used to account for the offnormal solar radiation effect.
Absorber plate (node ' ')
The energy balance equation for the absorber plate (node ' ') is shown in Eq. (6) .
The right hand side terms include the conduction flux between the PV plate and the absorber plate, the convection flux to the air that flows within the PVT channels, the long wave radiation exchange with the bottom plate and the conduction heat transfer to the fins. The long wave heat exchange with the fins is considered as negligible in this model.
Fins (node ' ')
The generic energy balance equation for fins is shown in Eq. (7).
The right hand side terms of Eq. (7) represent the conduction heat transfer from the absorber plate to the fins, the conduction heat transfer from the fins to the bottom plate and the convection flux from the fin surface to the flowing air.
Air stream (node ' ')
The energy balance equation for the air flowing through the air channel (node 'f') is given by Eq. (8), in which the average control volume air temperature (T f,i ) is defined by Eq. (9) and the derivative of average control volume air temperature over the length is given by Eq. (10).
In Eq. (8), the energy storage in the control volume and fluid temperature gradient along the flow direction is equal to the sum of the convection heat transfer from the absorber plate to fluid air, the convection heat transfer between the bottom plate and fluid air, and the convection heat transfer from fins to fluid air.
Bottom plate (node 'b')
The energy balance at the bottom plate (Eq. (11)) accounts for the conduction gains/losses from the fins to the bottom plate, the long wave radiation heat transfer between the absorber and the bottom plate, the convection heat flux from the bottom plate to the flowing air and a combined term of the conduction heat transfer through the insulation layer at the back (bottom) of the system with the convection exchanges at the back of the system.
Energy balance equations for SAH
The development of the energy balance equations for SAH is similar to PVT, but there is no PV panel attached onto the absorber layer (see Figure 3 (b) ). Therefore, the same energy balance equations as for PVT are used for the glass cover, the fin, the air stream and the bottom plate. However, the heat fluxes for the absorber plate of the SAH are different from that of PVT, and the energy balance equation is given by Eq.
The right hand side of Eq. (12) includes the absorbed incident shortwave solar radiation on the collector, the overall heat loss from the absorber plate to the ambient environment, the convection heat transfer to the flowing air in the air channel, the long wave heat exchanges between the absorber and the bottom plates, and finally the conduction heat flux between the absorber and the fin.
Numerical solution procedure
To derive the self and cross-coupling coefficients, each of the energy balance equation presented in Section 3.3 is written into a uniform format and the whole set of equations are solved in matrices that are of the following generic form:
where is a column matrix of the nodal temperatures with six elements for PVT and five elements for SAH, and E and F are the matrices containing temperature and non- 
For SAH: 
A flow diagram of the solution procedure is shown in Figure 4 . Eqs. (19) - (27) respectively. A galvanized steel constructed manifold is installed at the inlet to ensure the air is evenly distributed to all air flow ducts. Over the width of the test rig, there are seven equally sized air channels ( Figure 6 ). The metal slats that are separating the air channels were considered as longitudinal fins in this study.
However, one limitation of this test rig is that it does not have a glass cover on the top.
For validation purposes, the model was adapted accordingly by removing the heat transfer equation for the top glass (Eq. (2)). As a result, in the final matrix equations of Eqs. (14) and (15), the coefficients of E 1,1 , E 1,2 and Q 1 for glass cover are set as zero and the top heat loss coefficient , in Eq. (14) and , in Eq. (15) were hereby calculated as the sum of the heat transfer coefficients for the long wave radiation heat exchange (PV/absorber plate and sky) and the convection heat exchange between the PV plate/absorber plate and ambient air (i.e. ℎ , − + ℎ , ℎ , − + ℎ ). Some major input parameters for the model are listed in Table 1 . 
Instrumentation and methodology
The measured data was collected with a DT 80 data logger. The instrumentation specifications and the parameters measured for model validation purpose are summarised in Table 2 (Table 3 ). The RMSD and NRMSD values of all measurement points along the length of the system are shown in Table 3 . Experimental studies for validating dynamic models are generally difficult in practice since in most cases it is not possible to measure every variable of the energy balance equations. This has been recognised by the recent work undertaken within IEA ECB Annex 58 [56] . For this reason, the dynamic model developed in this study is further validated by comparing with the reference data from the literature.
Validation by comparing with the reference data
The dynamic model is further validated by comparing the simulation results with the reference data reported by Matrawy [3] . Matrawy [3] presented a steady state model 
Analysis of dynamic performance of PVT-SAH
Based on the dynamic model developed, the dynamic nature of PVT-SAH system is tested and investigated through two simulation cases under dynamic working conditions (i.e. change of solar radiation and mass flow rate). A simulation study is also conducted to compare the difference between the dynamic model and its equivalent steady state model.
The major design parameters used for the simulations of the hybrid PVT-SAH are summarised in Table 4 . 
Dynamic response to changes of solar radiation intensity
The first case shows the effect of changing the incident solar radiation from 1000 to (Figure 13 (a) ). Figure 13 (b) shows that although the thermal energy transferred to the flowing air started to gradually decrease, the thermal inertia maintained the thermal efficiency for a period of time at levels higher than the efficiency noted before the reduction of the solar radiation levels. It is also noted that there is a rapid increase of thermal efficiency to 225% within the first 5 mins after the variation of solar radiation mostly because the absorber plate maintained high temperatures for a period of time after solar radiation changes (i.e. it still delivers high levels of heat to the flowing air) while the solar radiation used to calculate the thermal efficiency has a low value. In contrast to the gradual decrease of thermal efficiency, the electrical efficiency of PV plate gradual increased with a lower level of radiation. The reason for the increase in thermal energy is due to the enhanced convective heat exchange in the air channels. The electricity gains curve illustrated a gradual rise due to the reduction of the PV plate temperature.
Performance comparison between dynamic model and steady state model
To further elaborate the difference between using a dynamic model for PVT-SAH and an equivalent steady state model, a steady state model is developed by neglecting the heat capacitance terms on the left side of the energy balance equations of the existing dynamic model. An example for the "Top glass" node is shown in Eq. (16) .
The solution procedures for the steady-state model are much simpler than those of the dynamic model as no iterative process over time is required and they are not demonstrated here.
The simulations were performed under constant incident solar radiation of 1000 W/m 2 and constant boundary conditions. All construction components were assigned an initial temperature of 25 o C. Figure 15 shows the change of local duct air temperature in all control volumes at different time steps. It is observed that there is 1.5 hours' delay before the local duct air temperature in all control volumes converged to the steady state. As the dynamic model is discretised and solved along space and time, Figure 16 displays the continuous change of local duct air temperature over time and over the length of the system. Meanwhile, the equivalent temperature distribution profile from the steady state model is represented in Figure 17 
Influence of fin number and fin height on the performance of PVT-SAH
The number and height of fins was altered to investigate the effect of these parameters on the performance of the hybrid system. In this case, the fin height is equal to the air channel depth and the weather conditions were kept constant and the same as in electrical efficiencies and the pressure drop are plotted in Figure 18 pressure drop is significantly high when the fin height is less than 0.02 m (Figure 18b ).
For the specific case of this section, the optimum selection of fin height will be in the range of 0.02 to 0.04 m, which corresponds to a small pressure drop and a comparatively high thermal and electrical efficiency. It can also be seen from Figure   18 that above a specific fin number, the efficiency improvement will be less significant, while the manufacturing and installation cost could in practice be higher.
Therefore, the decision of the required fin number is an optimisation problem that should take both performance and local manufacturing cost into account.
Effect of PV covering factor on the performance of the PVT-SAH system
This section will demonstrate the application of the dynamic model of PVT-SAH to investigate the influence of the percentage areas of PVT on the thermal and electrical gains of the whole hybrid system. The term "PV covering factor (ζ)" is introduced in the present study to define the ratio of PVT area to the total PVT-SAH area. as an indicator to evaluate the performance of PVT-SAH system as shown below:
The overall performance is also alternatively evaluated by the primary energy savings criterion [58] as shown below:
where is the average electric-power generation efficiency for a conventional power plant in Australia and 0.35 is used in this study [59] . As expected, the outlet air temperature is decreased as the covering factor ζ increase (Figure 19 (a) ) because the PVT is less efficient than the SAH when transferring heat to the flowing air. On the contrary, the average PV module temperature increased for higher PV cell covering factors (Figure 20 (a) ). Table 6 summarises the useful thermal and electricity gains and the results for the two different performance criteria( ). It is found that the electrical efficiency decreased with increasing covering factor, and this efficiency reduction reached up to 5.8% when the covering factor increased from 0.25 to 1. When using the combined efficiency criterion ( ), the best performance was achieved by the hybrid PVT-SAH system with a PV covering factor of 0.25 which is followed by pure SAH.
Considering the electricity is of higher grade, the analysis showed that the equal weighted PVT-SAH (ζ=0.5) probably the optimum design which performed the highest primary-energy saving efficiency ( ) of 70.6%. 
Conclusions
A dynamic model for a hybrid PVT-SAH system that incorporates fins within the air channels was developed to enable system performance evaluations under real operational conditions. The finite volume technique was employed using the Crank- 
In which ℎ′ , − refers to ambient temperature and is modified from ℎ , − (Eq. 
Radiation heat transfer coefficients
Radiation coefficient from glass to sky [60] ℎ , − = ( + )( 2 + 2 )
Radiation coefficient from absorber plate to glass 
Convection heat transfer coefficients
Wind convection coefficient on glass cover [61] ℎ = 2.8 + 3.3
Convection heat transfer coefficient in air channel [60] ℎ 
Where the subscript of t, b, d and h refer to global radiation, beam radiation, sky diffuse radiation and reflected horizontal radiation; n and θ refer to the incident angle at normal and off-normal direction respectively; ρ and ∅ is reflectance ratio of ground and tilt angle of PVT-SAH system respectively. 
Appendix B
